Phosphorylation is an essential reaction in all cells and is involved in most processes, including metabolism, DNA replication, and signaling ([@r1]). Phosphorylation changes the biochemical and structural properties of various target molecules, activates molecules for subsequent reactions, and is used to store and retrieve biological energy ([@r2][@r3]--[@r4]). For instance, the phosphorylation of glucose is an important step in glycolysis, the fundamental metabolic pathway in any cell ([@r4]), and the phosphorylation of ribose is required to form building blocks for ribonucleosides ([@r5][@r6]--[@r7]). In a biotic environment, the synthesis of the ribonucleosides takes a salvage pathway in which ribose-1-phosphate and nucleobases are changed to ribonucleosides and phosphate ([@r6], [@r7]). Given that phosphorylation is required for life, identifying plausible routes for phosphorylation reactions in prebiotic conditions has been a long-standing challenge ([@r1], [@r8], [@r9]).

However, phosphorylation reactions involve an increased Gibbs free-energy change (Δ*G*) and are thus unfavorable in bulk solution. For example, the Gibbs free-energy changes for abiotic phosphorylation of [d]{.smallcaps}-ribose and [d]{.smallcaps}-glucose in bulk solution are Δ*G* = +5.4 kcal/mol ([@r10]) and +3.3 kcal/mol ([@r11]), respectively. For the reaction between uracil and ribose-1-phosphate, Δ*G* = −0.73 kcal/mol ([@r12]); therefore, once ribose-1-phosphate is formed, the reaction to make uridine occurs spontaneously. These phosphorylation reactions are also highly unfavorable in water owing to the thermodynamic instability of phosphate compounds with respect to hydrolysis (the "water problem" in prebiotic chemistry) ([@r13][@r14]--[@r15]). Moreover, even if we can resolve the thermodynamic problems, the kinetics would be another obstacle for these reactions. Cells utilize kinase enzymes and ATPs to overcome these thermodynamic and kinetic hurdles ([@r11]). Consequently, a plausible route of phosphorylation reaction under prebiotic conditions has yet to be established. In the same manner, the abiotic ribosylation of pyrimidine nucleobases also suffers from the same set of problems ([@r16]).

Microdroplets exhibit chemical reaction properties that are not observed in bulk solution. Recent studies have shown some reactions can be accelerated in microdroplets compared with bulk solution. We and other groups already have shown that the reaction rates for various chemical and biochemical reactions, including redox reactions ([@r17], [@r18]), protein unfolding ([@r19]), chlorophyll demetallation ([@r20]), addition/condensation reactions ([@r21]), carbon--carbon bond-forming reactions ([@r22]), and elimination/substitution reactions ([@r23]) are accelerated by 10^3^ to 10^6^-fold in microdroplets compared with bulk solution. Based on these studies, we hypothesized that microdroplets would affect the kinetic and thermodynamic properties of phosphorylation reactions.

It has been suggested that the air--water or vesicle interface may provide a favorable environment for the prebiotic synthesis of biomolecules ([@r24][@r25][@r26][@r27]--[@r28]). For example, there is an earlier study on the reaction between serine and other compounds of fundamental importance in prebiotic chemistry, including glyceraldehyde, glucose, and phosphoric acid in sonic-sprayed microdroplets ([@r29]). From this background, here we investigated the use of microdroplets to effect phosphorylation of sugars and the formation of uridine.

Results {#s1}
=======

We performed phosphorylation reactions ([Fig. S1](#sfig01){ref-type="fig"} for reaction scheme) in aqueous microdroplets containing sugars and phosphoric acid. Microdroplets were generated ([Fig. 1*A*](#fig01){ref-type="fig"}) by atomization of a bulk solution containing a mixture of 5 mM sugar ([d]{.smallcaps}-ribose, [l]{.smallcaps}-ribose, [d]{.smallcaps}-glucose, [d]{.smallcaps}-galactose, or [d]{.smallcaps}-fructose) and 5 mM phosphoric acid with a nebulizing gas (dry N~2~) at 120 psi, using an electrospray ionization (ESI) source placed in front of a high-resolution mass spectrometer (MS) ([@r17]). Under these conditions, the sizes of droplets were reported to range from 1 to 50 µm ([@r30][@r31]--[@r32]). The droplets were positively charged by external application of a potential of 5 kV to the ESI source to facilitate Coulomb droplet fission and the ionization of molecular species. The microdroplets traveled 25 mm at room temperature and atmospheric pressure before the reaction was stopped upon entering the MS inlet ([@r19]). The approximate flight time and corresponding reaction time were estimated to be ∼300 µs on the basis of the droplet speed (∼80 m/s) ([@r30], [@r33]).

![Mass spectra of the sugar phosphates produced from microdroplet reactions. (*A*) Schematic diagram showing synthesis of the sugar phosphates produced from the reaction between sugars and phosphoric acid in microdroplets, recorded by a high-resolution MS. (*B*--*F*) Mass spectra of the products from each sugar phosphorylation reaction. The red numbers and letters denote the detected *m*/*z* peaks of phosphorylated sugars, identified as (*B*) [d]{.smallcaps}-ribose-phosphate ([d]{.smallcaps}-Rib-P), (*C*) [d]{.smallcaps}-glucose-phosphate ([d]{.smallcaps}-Glu-P), (*D*) [d]{.smallcaps}-galactose-phosphate ([d]{.smallcaps}-Gal-P), (*E*) [d]{.smallcaps}-fructose-phosphate ([d]{.smallcaps}-Fru-P), and (*F*) [l]{.smallcaps}-ribose-phosphate ([l]{.smallcaps}-Rib-P). The blue numbers and letters denote the aggregated species between each sugar and phosphate. The black numbers and letters denote the species present within the reactants.](pnas.1714896114fig01){#fig01}

![Condensation reactions of various sugars with phosphoric acid to produce sugar phosphates. Phosphorylation reactions between phosphoric acid and (*A*) [d]{.smallcaps}-ribose, (*B*) [d]{.smallcaps}-glucose, (*C*) [d]{.smallcaps}-galactose, (*D*) [d]{.smallcaps}-fructose, and (*E*) [l]{.smallcaps}-ribose are shown with their stereochemical structures.](pnas.1714896114sfig01){#sfig01}

In each mass spectrum, we observed new peaks that were not present in the reactant solution ([Fig. 1 *B*--*E*](#fig01){ref-type="fig"} and [Fig. S2](#sfig02){ref-type="fig"}). In particular, peaks at *m*/*z* = 231.026 for ribose and *m*/*z* = 261.038 for glucose, galactose, and fructose ([Fig. 1 *B*--*E*](#fig01){ref-type="fig"}) were identified as ribose-phosphate \[Rib-P +H^+^\]^+^, glucose-phosphate \[Glu-P +H^+^\]^+^, galactose-phosphate \[Gal-P +H^+^\]^+^, and fructose-phosphate \[Fru-P +H^+^\]^+^. Thus, sugar phosphorylation proceeds spontaneously at room temperature and atmospheric pressure in aqueous microdroplets containing sugar and phosphoric acid, without any enzyme or ATP.

![Mass spectra of each reactant sugar and phosphoric acid. Shown are the mass spectra of 5 mM aqueous solutions of (*A*) [d]{.smallcaps}-ribose, (*B*) [d]{.smallcaps}-glucose, (*C*) [d]{.smallcaps}-galactose, (*D*) [d]{.smallcaps}-fructose, (*E*) [l]{.smallcaps}-ribose, and (*F*) phosphoric acid.](pnas.1714896114sfig02){#sfig02}

For a quantitative analysis, we measured the ionization efficiencies of sugar phosphates and phosphoric acid and generated calibration curves for each analyte ([Fig. S3](#sfig03){ref-type="fig"}). We then converted the ratio of the peak intensity between the sugar phosphate and phosphoric acid into the concentration ratio. We calculated the product yield for phosphorylation of ribose, glucose, galactose, and fructose in 300 µs was ∼6%, 13%, 13%, and 10%, respectively, in charged microdroplets.

![Standard calibration plots for quantitative analyses (estimation of percentage yields). (*A*) ribose-phosphate (Rib-P), (*B*) glucose-phosphate (Glu-P), (*C*) galactose-phosphate (Gal-P), and (*D*) fructose-phosphate (Fru-P), respectively.](pnas.1714896114sfig03){#sfig03}

Each sugar could theoretically have multiple phosphorylated forms, depending on the position and number of phosphate groups bound to the sugar. Here, we observed only monophosphorylated sugar species. In nature, ribose monophosphate exists as ribose-1-phosphate and ribose-5-phosphate ([@r5]). The monophosphates of glucose, galactose, and fructose exist as sugar-1-phosphate and sugar-6-phosphate ([@r34]). To determine the isomeric form of the sugar monophosphates generated in the microdroplets, we performed tandem mass spectrometry using collision-induced dissociation (CID). The fragmentation pattern of the sugar monophosphates from each microdroplet reaction matched that of the respective sugar-1-phosphates ([Fig. S4](#sfig04){ref-type="fig"}). Thus, the phosphorylation of the sugars by phosphoric acid in microdroplets specifically favors the hydroxyl residue at the C1 positions of the sugars.

![Tandem mass spectrometry analysis of sugar phosphates synthesized in microdroplets. The mass spectra match with the expected patterns for (*A*) [d]{.smallcaps}-ribose-1-phosphate, (*B*) [d]{.smallcaps}-glucose-1-phosphate, (*C*) [d]{.smallcaps}-galactose-1-phosphate, (*D*) [d]{.smallcaps}-fructose-1-phosphate, and (*E*) [l]{.smallcaps}-ribose-1-phosphate, respectively. The tandem mass spectra were obtained using CID.](pnas.1714896114sfig04){#sfig04}

As the mass spectrometry cannot distinguish between the two optical isomers, [d]{.smallcaps}- and [l]{.smallcaps}-sugars, we tested if there was any transformation of the optical isomeric forms during the phosphorylation in microdroplets. The specific rotations, \[α\]~D~^20^, of [d]{.smallcaps}-ribose and [d]{.smallcaps}-ribose-1-phosphate are −25.0° and +39.8°, respectively ([@r35], [@r36]). The \[α\]~D~^20^ of the solution collected from the reaction between [d]{.smallcaps}-ribose and ribose-1-phosphate in microdroplets was measured to be −21.1° by a polarimeter. This value indicates that a small amount (∼6%) of [d]{.smallcaps}-ribose-1-phosphate is generated from [d]{.smallcaps}-ribose and phosphoric acid. Thus, ribose-1-phosphate maintains the same chirality as the starting ribose after the reaction in the microdroplets.

Next, we tested whether the external voltage applied to the microdroplets may have driven the unfavorable condensation reaction between phosphoric acid and [d]{.smallcaps}-ribose. Even without applying an external charge, [d]{.smallcaps}-ribose was spontaneously phosphorylated to [d]{.smallcaps}-ribose-1-phosphate in microdroplets, although the signal intensity of [d]{.smallcaps}-ribose-1-phosphate relative to the reactant's signal intensity was somewhat lower than that observed with an external charge ([Fig. S5*A*](#sfig05){ref-type="fig"}). Phosphorylation of the other sugars also did not require an external charge ([Fig. S5 *B* and *C*](#sfig05){ref-type="fig"}). The product yields for the phosphorylation of ribose, glucose, galactose, and fructose were ∼3%, 11%, 11%, and 7%, respectively, in uncharged microdroplets. These yields are comparable to that of phosphorylation reaction in bulk solution conducted from 3 h to 1 d using cyanogen as a condensing agent and an orthophosphate ion (PO~4~^3−^) ([@r37], [@r38]). In conclusion, an external charge, condensing matter, and organic phosphates as an energy source are not required for phosphorylation of sugars in aqueous microdroplets.

![Mass spectra of phosphorylation reactions between sugars and phosphoric acid in uncharged microdroplets. (*A*--*D*) Mass spectra of the products from each sugar phosphorylation reaction in uncharged microdroplets. Red numbers letters denote the detected *m/z* peaks of phosphylated sugars, identified as (*A*) [d]{.smallcaps}-ribose phosphate ([d]{.smallcaps}-Rib-P), (*B*) [d]{.smallcaps}-glucose phosphate ([d]{.smallcaps}-glu-P), (*C*) [d]{.smallcaps}-galactose phosphate ([d]{.smallcaps}-Gal-P), and (*D*) [d]{.smallcaps}-fructose phosphate ([d]{.smallcaps}-Fru-P). The blue numbers and letters denote aggregated species between each sugar and phosphate.](pnas.1714896114sfig05){#sfig05}

To determine the time required for the reaction to reach equilibrium, we measured the ratio of the peak intensity between [d]{.smallcaps}-ribose-1-phosphate and unreacted [d]{.smallcaps}-ribose at various reaction times in charged and uncharged microdroplets ([Fig. 2](#fig02){ref-type="fig"}). To vary the reaction time, we changed the distance traveled by microdroplets from the sprayer source tip to the inlet of the MS. The evaporation of microdroplet solvents can change droplet size and hence the reaction rates ([@r21]). However, aqueous microdroplets show negligible evaporation during their flight time, from tens to hundreds of microseconds ([@r19], [@r39]). Therefore, the size and the temperature of the microdroplets are predicted to be essentially unchanged during the time of observation in the present studies. We found that the reaction had progressed substantially on the order of tens of microseconds and reached equilibrium in ∼200 µs, irrespective of charge. The forward reaction constant of the ribose phosphorylation in uncharged microdroplets was 280/mM·s.

![Progression of the phosphorylation reaction between [d]{.smallcaps}-ribose and phosphoric acid in charged and uncharged aqueous microdroplets. Time-course changes in the ion count ratio between [d]{.smallcaps}-ribose-1-phosphate and unreacted [d]{.smallcaps}-ribose in (*A*) charged and (*B*) uncharged microdroplets. Error bars represent 1 SD from triple measurements.](pnas.1714896114fig02){#fig02}

We examined the thermodynamic properties of the phosphorylation of [d]{.smallcaps}-ribose in microdroplets. The reported value (*+*5.4 kcal/mol) of Δ*G* for the reaction in bulk solution ([@r10]) indicates the reaction would not proceed in bulk solution spontaneously. However, in microdroplets, the reaction proceeded spontaneously, producing a significant amount of [d]{.smallcaps}-ribose-1-phosphate. Thus, ribose phosphorylation by phosphoric acid in microdroplets should have a different thermodynamic property than the reaction in bulk solution, and should have a lower Δ*G* value. To determine the free-energy change for ribose phosphorylation in microdroplets, we used the equation Δ*G* = −R*T* ln *K*, which relates to equilibrium constant *K*, where R is the universal gas constant. As the ribose phosphorylation reaction reached equilibrium within our experiment, we were able to derive Δ*G* from the equilibrium concentration. The Δ*G* value for [d]{.smallcaps}-ribose phosphorylation was *−*1.1 kcal/mol at room temperature, in sharp contrast to the reported value of *+*5.4 kcal/mol for bulk solution ([@r10]).

This is in agreement with a free-energy decrease observed in emulsion droplets for the imime synthesis reaction that led to reaction acceleration ([@r25]). However, the Δ*G* for the reaction in emulsion droplets remained still in a positive value, unlike our studies. Our results show that an unfavorable reaction with a positive Δ*G* in bulk solution can become a reaction with a negative Δ*G* in microdroplets, which suggest that it may be possible to cause even thermodynamically unfavorable reactions to happen in microdroplets.

To further understand the thermodynamic behavior of ribose phosphorylation in microdroplets, we determined how temperature variation affects the yield of the [d]{.smallcaps}-ribose-1-phosphate production ([Table 1](#t01){ref-type="table"}). We found that there is little change in the Δ*G* value between 237 to 317 K (−1.1 kcal/mol), implying that the entropy change in the phosphorylation is negligible in microdroplets. By using the equations Δ*G* = Δ*H* − *T*Δ*S*, we derived Δ*H* = −0.9 kcal/mol, and Δ*S* = 7 × 10^−4^ kcal/mol·K from the Van 't Hoff plot ([Fig. 3](#fig03){ref-type="fig"}). The *T*Δ*S* value (0.2 kcal/mol at room temperature) is much smaller than the Δ*H* value, which means that ribose phosphorylation in microdroplets is driven mostly by a change in enthalpy. This phosphorylation reaction is entropically unfavorable in bulk solution ([@r1], [@r40]). Therefore, we conclude that the entropic obstacle is overcome in the microdroplet environment, which may involve surface and near-surface reactions ([@r41]). Interestingly, the observed Δ*H* value in microdroplets is very close to the value (Δ*H* = −1.02 kcal/mol) calculated from a density-functional theory (DFT) based on the projector-augmented wave method for the reaction involving unsolvated reactants and products ([Fig. S6](#sfig06){ref-type="fig"} and [Table S1](#st01){ref-type="table"}).

###### 

Values of the equilibrium constant (*K*) and the change in Gibbs free energy (Δ*G*) for phosphorylation of [d]{.smallcaps}-ribose-1-phosphate in uncharged microdroplets at various temperatures

  Temperature, K   *K*   Δ*G*, kcal/mol
  ---------------- ----- ----------------
  273              8.3   −1.1
  298              6.9   −1.1
  353              5.5   −1.2

![Van 't Hoff plot for phosphorylation of [d]{.smallcaps}-ribose-1-phosphate in uncharged microdroplets. Δ*H* and Δ*S* are calculated as Δ*H* = −0.9 kcal/mol and Δ*S* = 0.7 cal/mol·K. Error bars represent one SD from triple measurements. The slope of this plot yields −Δ*H*/R and the intercept Δ*S*/R.](pnas.1714896114fig03){#fig03}

![DFT calculations of the phosphorylation of ribose. Shown are the optimized structures of reactants and products for the phosphorylation of ribose.](pnas.1714896114sfig06){#sfig06}

###### 

Summary of DFT calculated total energy for molecules

  Molecule                                   DFT total energy, kcal/mol
  ------------------------------------------ ----------------------------
  [d]{.smallcaps}-Ribose                     −2,649.62
  Phosphoric acid                            −1,071.26
  [d]{.smallcaps}-Ribose-1-phosphoric acid   −3,388.80
  Water                                      −333.10

Δ*H* = −1.02 kcal/mol, calculated by subtracting the total energy of reactants ([d]{.smallcaps}-ribose and phosphoric acid) from total energy of products ([d]{.smallcaps}-ribose-1-phosphoric acid and water).

To show the abiotic synthesis of a pyrimidine ribonucleoside, we performed ribosylation reaction in aqueous microdroplets containing [d]{.smallcaps}-ribose, phosphoric acid, and uracil. As shown in [Fig. 4](#fig04){ref-type="fig"}, we observed new peaks that were not present in the phosphorylation reaction between [d]{.smallcaps}-ribose and phosphate. In particular, peaks at *m*/*z* = 245.077 and *m*/*z* = 263.088 were identified as uridine \[uridine +H^+^\]^+^ and an aggregate between ribose and uracil \[[d]{.smallcaps}-Rib +uracil +H^+^\]^+^. Thus, uridine also forms spontaneously at room temperature and atmospheric pressure in aqueous microdroplets. In the microdroplets containing only [d]{.smallcaps}-ribose and uracil without phosphoric acid, ribosylation reaction products were not observed. These results indicate that this reaction may follow a similar route to a salvage pathway in cells ([@r6], [@r7]). From calibration of ionization efficiency between uridine and uracil, the yield of uridine production is ∼2.5% in charged microdroplets under our conditions.

![Mass spectra of the products from ribosylation reaction of uracil with ribose and phosphoric acid in microdroplets. The *m/z* peak of protonated uridine is in red, the protonated complex of [d]{.smallcaps}-ribose with uracil is in blue, and the protonated ribose-phosphate intermediate is in green. The black numbers and letters denote species in the reactants.](pnas.1714896114fig04){#fig04}

Discussion {#s2}
==========

Aqueous microdroplets are abundant in nature. Obvious examples include clouds and aerosols in the atmosphere, as well as microdroplets produced by breaking waves in the ocean and water sprays. We showed the abiotic and nonenzymatic synthesis of various sugar phosphates and one ribonucleoside (uridine) in micrometer-sized aqueous droplets under ambient conditions of 1 atmosphere and room temperature. We found that sugar phosphorylation in microdroplets had a reduced entropic cost compared with the reaction in bulk solution. As a result, Δ*G* for the reaction in microdroplets is negative and the reaction is favorable, in sharp contrast to the reaction in bulk solution. Aqueous microdroplets possess properties that can promote chemical reactions including catalysis, molecular organization, facilitated diffusion, and electric field at the air--water interface. The decreased entropic change for chemical reactions in microdroplets could be attributed to the molecular organization and alignment of reactants at the air--water interface of microdroplet surfaces ([@r42][@r43][@r44][@r45][@r46][@r47][@r48]--[@r49]). The air--water interface possesses a strong electric field, which could influence the organization of reactant molecules, as well as the kinetics and thermodynamics of chemical reactions ([@r50]). We speculate that these surface properties contribute to the spontaneous phosphorylation reactions we observed.

We thus propose that aqueous microdroplets might be a highly plausible means for forming biologically available phosphorus-containing compounds. Our findings might have important implications for how biologically relevant molecules were generated in the prebiotic era ([@r25], [@r28], [@r51]).

Methods {#s3}
=======

Experimental Design for the Generation of Microdroplets. {#s4}
--------------------------------------------------------

The aqueous solution of sugar and phosphoric acid was injected by a mechanical syringe pump through a hypodermic needle to the fused silica capillary directing toward an MS inlet. A coaxial sheath gas (dry N~2~ at 120 psi) flow around the capillary results in nebulization, and also helps to direct the spray emerging from the capillary tip toward the MS inlet (the flow rate of 5 μL/min through silica tubing). Two different voltages of 0 and +5 kV were applied to the hypodermic needle. At an MS inlet, the reactants, intermediates, and products are released from droplets by Coulomb fission and enter into the MS through a heated capillary. The capillary temperature was maintained at 275 °C and capillary voltage at 44 V. To confirm the identities of synthesized phosphorylated sugars, tandem mass spectrometry was conducted by CID. The spray distance (the distance from spray tip to the entrance of the heated capillary) was varied from 2 to 25 mm for monitoring the progression of reaction. For all other mass spectrometric analyses, the spray distance was kept at 25 mm. Mass spectra were detected by a high-resolution MS (LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap; Thermo Scientific). All of the necessary chemicals were purchased from Sigma-Aldrich. HPLC-grade solvents were purchased from Fisher Scientific.

Quantitative Analysis. {#s5}
----------------------

The quantitative analysis for the estimate of percentage yield of the above reactions was performed by the standard calibration method. Standard calibration plots were made from electric spraying the mixture of the reactant (phosphoric acid) and the corresponding authentic product (sugar phosphate) in known concentration ratios. The initial mixture contained phosphoric acid at a concentration of 5 mM and the standard product of concentration 0 mM. Then the product concentration was increased gradually. As the ion signal intensities of the reactant (I~R~) and the product (I~P~) depend both on their concentrations and ionization efficiencies, we calculated the ratio I~P~/I~R~ (averaged over time) and plotted it against the product-to-reactant concentration ratio (\[P\]/\[R\]). We have estimated the yield of the reaction from this standard calibration plot.

Solution temperature was varied from 273 to 353 K for calculation of the change in enthalpy, Δ*H*, and entropy, Δ*S*, of the phosphorylation of sugar in uncharged microdroplets using Δ*G* = Δ*H* − *T*Δ*S*. In this calibration, it is possible that the solution temperature before nebulization was slightly different from a droplet temperature, but the difference of temperature is negligible in 100 μs ([@r52], [@r53]).

DFT Calculations. {#s6}
-----------------

First-principles calculations were carried out on the basis of periodic DFT using a generalized gradient approximation within the Perdew--Burke--Ernzerhof exchange correlation functional ([@r54], [@r55]). We used the projector-augmented wave method for describing ionic cores as implemented in the Vienna ab initio simulation package (VASP) ([@r56]). The wave functions were constructed from the expansion of plane waves with an energy cutoff of 520 eV. A 6 × 6 × 6 k-point mesh described in Monkhorst--Pack method was used to sample the Brillouin zone. The electronic optimization steps were converged self-consistently over 10^−4^ eV per formula unit.
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